! Y = 12 for interlaced sequences, i.e. sgIBBPBBPBBPg-BBIBB ..., where s is sequence header, g is group header, I is intra frame, B is bidirectionally predicted frame and P is predicted frame.
It was found that the progressive sequences showed better subjective quality than the corresponding interlaced sequences. It was estimated that the interlaced sequences needed around 50% more bits to obtain the same subjective score as the progressive sequences.
The other comparison was on subjective quality with different picture-coding formats. In our tests, the highest format always came out best. For the two sequences tested here, the MPEG-2 coding algorithm seems to work best for formats that result in quantization parameters somewhat higher than 20.
APPENDIX
Some important MPEG-specific coding parameters used in these experiments are listed below.
Coding structure:
M = 3 for all experiments
I. INTRODUCTION
Grid coding is a well-known technique in which two sets of parallel light planes, formed by passing an expanded beam of a collimated laser light through a grid plate, are cast on an object surface. Then the resultant grid pattern on the object surface is imaged as a projected grid pattern in the image plane. From the imaged grid pattern, the object surface can be recovered [1]- [9] . The information used for the three-dimensional (3-D) object surface computation includes the grid junction locations, grid junction slopes, and grid junction distances obtained from the image. No matter what particular technique is adopted, the accuracy of the grid junction locations is vital to the surface computation. Noise arising from the imaging formation and processing processes will jeopardize the computation accuracy. The objective of this correspondence is to make use of the geometric property of cross ratio to improve the accuracy of junction locations in grid-coded images. We shall develop a technique based on the invariant property of cross ratio [lo] , [ l l ] to use the original (i.e., raw) junction data in the image to regenerate the new junctions. We shall show, through an error analysis, that the regenerated junctions are generally more accurate than the original ones in the statistical sense. Computer experiments using both synthetic and real grid-coded images are provided to confirm that regenerated junction data are more accurate than the old junction data in the presence of noise.
Besides, the junction regeneration process is valuable to the 3-D reconstruction of regular or arbitrary object surfaces. . . , n -1
REGENERATION OF PROJECTED GRID JUNCTIONS

A. The Regeneration Process
To find the optimum third point, we let an uncertain quantity A , be added to t,, say, t', = t , + A,. Then this new t; will lead to a new t: in order to preserve the cross ratio invariance. The relation between t', and ti is given by
After some manipulations, it yields
To minimize the effect of A, on the error in t:
for a very small A, and I max(t: -t A ) l = lA, 1. That is, the G, point with t , = 0.5 should be chosen for the third wanted point in order to minimize the influence of the error A, in t, over the value of t, for all i.
Now we want to find the grid cell number r associated with the corresponding point GL of the point specified by t, = 0.5. This can be derived from the cross ratio invariance, i.e., CR(G0, G,, Go and G,, we can regenerate the new projected grid junction for t,, denoted by t:"", from the cross ratio equation
This is the equation to be used in the junction regeneration process that generates new grid junctions from the original ones. An observation must be made here in order to clarify the usefulness of the regeneration process defined by (5). That is, after we average all r,'s in (4), the variance of r , is reduced by a factor of approximately ( 7~ -1). Thus, the noise is reduced in the regenerated junction. Next, we shall show that the regenerated junction locations are more accurate than the original ones through a formal error analysis.
B. Error Analysis of Regeneruted Grid Junctions
Assume the original projected grid junction t, contains a noise component elt whose mean is zero and whose standard deviation is u e t t . Let At, and Ar, be the errors of t , and r,, respectively; here, let At, = e t z . Then, from (3) ar at, Ar, = 2 At,
The variance of r L is given by where
Assume the et,'s, i = 1 , 2 , . . . , 7~ -1 are identically and indepen-
dently distributed (i.i.d.) and g e t l = uttZ = . . . = Then the standard deviation of r in (4) 
From the above analysis, we have obtained the equation for noise ratio (~~~~~/ u~~ for all junctions ( 2 = 1 , 2 , . . . , n-1) in the image. To consider the noise in the image as a whole, we compute the average junction location noise ratio (AJLNR) as follows:
AJLNR is a function of 7.. Recall that each value of 7 is associated with a different perspective image of the line object. The entire AJLNR curve gives the overall noise ratio for individual images of the line object when viewed from different viewing angles. Now let us illustrate a typical AJLNR curve to see its important characteristics
Illustrative Example: Consider a line object consisting of 11 evenly spaced points or junctions. First, we transform it into its perspective image, which is represented by a set of projected junctions {G,, i = 0, I, 2,. . . ,lo}. The location of each G, can be specified by a parameter t , with respect to the initial and final projected junctions where t o = 0 and t l o = 1. Different perspective images of the line object can be created and specified by the different f , value of G, for some i t {1,2;..,9}. Here Gs(i = 5) is used and its parameter t 5 takes a value in the interval [0.2, 0.81 with an increment step size of 0.02. Therefore, there are a total of (0.8 ~ 0.2)/0.02 + 1 = 3 1 different grid-coded images that correspond to the images as viewed from a wide range of viewing angles associated with different t s values. Note that the perspective image of the line object can be also specified by the value of F . The relation between 7 and f s is given by (1), i.e., r = 10(1-t s ) . Fig. 1 shows the standard deviation ratios of each junction location G,, i = 1,2.. . . . 9 for the 31 images indicated by the r values. The AJLNR curve for all these images is also shown. The characteristics of the AJLNR curve include: i) The AJLNR value is smaller than one for the given range of 5; and reaches its minimum at F = 5 (or t s = 0.5); ii) the curve is symmetrical with respect to T = 5 (or t s = 0.3). Therefore, according to this theoretical analysis, the regenerated grid junctions are more accurate than the old ones. This will be confirmed by Experiment 1 described below.
COMPUTER SIMULATIONS
A. Experiment I
In order to examine the theoretical error model of our method, we conduct an experiment using the same line object data given in the above illustrative example. In this experiment, the noise of each projected junction location in the image is represented by a Gaussian distribution with mean = 0 and standard deviation = 0.005.
One thousand noisy copies of each ideal image are generated by computer. Table I shows the case of a typical image with r = 6.
Ornew I U,, In this experiment, we use a real grid-coded image of a typical sphere as shown in Fig. 3(a) . A surface reconstruction method was reported in [I21 for determining the location and radius of a sphere in 3-D space using the extracted grid junctions from its single gridcoded image. Here, we want to show the accuracy improvement of the reconstruction result by using our junction regeneration data in the presence of noise. The extracted grid junctions contain noise due to quantization and other error sources, so the sphere radius estimations with and without the junction rectification process are 51.72 mm and 46.21 mm, respectively. (The actual radius is 50 mm.) Thus, the regenerated junctions produce a better estimation result. In order to simulate more sphere images with noise, we add three sets of Gaussian noise with mean of zero and standard deviation of 1.5 pixels to the extracted grid junctions. Before we explain how to apply the cross ratio invariant property to the points on the curved stripe, we need to introduce the concept of the virtual linear grid line. In Fig. 3(b) each curved stripe-for instance, the one containing surface grid junctions for junction rectification. Next, each line connecting a rectified grid junction and the known vanishing point of the parallel light rays intersects the fitted imaged curved stripe at a new surface grid junction. These new grid junctions can replace the original ones for the 3-D spherical surface reconstruction. In Table I1 we show the computation results of the sphere radius with and without the rectification of the grid junctions. From this table, it can be seen that our regeneration process can cope with Gaussian noise and, thus, aids the 3-D surface reconstruction task.
C. Experiment 3
In this experiment, we want to show that our method works for any smooth curved surfaces, not just regular surfaces such as planar or spherical ones. Here we use our junction regeneration process in a grid-coded image of a telephone receiver, as shown in Fig. 4(a) . By the same token described in the above experiment, the grid junctions .lo,", . J o ,~, . . . , and .TO,, will lead to the virtual grid junctions Jh, l, J, !, , 2; . . . , on the virtual linear grid line and Jh,(7Lpll and the cross ratio invariant property is used. Finally, the new surface grid junctions are obtained and used to find the 3-D telephone receiver surface. Fig. 4(b) shows the reconstructed surface of the telephone receiver visible in the image. Fig. 4(c) is another perspective of the receiver surface when viewed from a different viewing angle.
IV. CONCLUSION
The cross ratio is an important invariant property in projective geometry. It can be applied to grid-coded images. Based on this invariant property, a junction regeneration process is proposed to reproduce the grid junctions from the original junctions. From a theoretical error analysis, we show the regenerated junction data are more accurate than the old junction data in the presence of noise. The experiments are conducted and the experimental results confirm our finding. The junction regeneration process can aid in the reconstruction of regular or arbitrary object surfaces. We are currently using this junction regeneration method to construct the solid model of the objects for the CAD/CAM applications.
I. INTRODUCTION
Transform coding is one of the most efficient methods for data compression of correlated signals [ 11-[3] . In traditional transform coding, nonoverlapped orthogonal transforms are commonly used. This is done by mapping the input sequence x into an output sequence U using an orthogonal, block-diagonal Toeplitz operator, say T . In practical situations, the sequence U is quantized, coded, transmitted, and/or stored and reconstructed before being inversely mapped. The resulting sequence y will, therefore, in general be an approximation of the input sequence 2. In case y = z we say that y is a perfect reconstmction (PR) of the input sequence z. A popular example of a nonoverlapped orthogonal transform is the discrete cosine transform (DCT) [I]-[4] . It is well known that the disadvantage of nonoverlapped transforms is that "blocking artifacts" are introduced at low bit rates. This can be seen as follows. The effect of quantization can be regarded as adding an additional noise signal to the sequence U . Hence, the reconstruction y becomes y T t ( u + n ) = .%: + E , i.e., y can be written as 2, a perfect replica of the input signal, and an error term E , which is as a linear combination of the columns of T'. We shall refer to these columns as the basis functions of the transform. In case of nonoverlapped transforms, the basis functions have abrupt changes at the endpoints of their support, which causes equally spaced discontinuities in the error term. To avoid these artifacts, we should choose basis functions without abrupt changes that tend to zero smoothly at the endpoints of their supports. However, this is not possible with nonoverlapped transforms when the PR property is to be maintained at the same time.
A class of transforms that can eliminate the blocking artifacts is the class of so-called 50% overlapped transforms [5]-[7] . In this case, the map T has a band-diagonal Toeplitz structure, where the nonzero parts of the basis functions overlap one another by 50%. The orthogonal transforms of this subclass are collectively referred to as the Zapped orthogonal transform (LOT). [5] [6] [7] , it was shown that the LOT can be constructed by using a DCT. However, the basis functions thus obtained still have a certain amount of discontinuity, which will also lead to blocking artifacts. In [8], a solution is proposed for overcoming this problem. However, this solution leads to nonorthogonal transforms. In this paper we will design LOT'S that do not introduce blocking artifacts.
In [ 5 ] , it was shown that transform coding can be regarded as a special case of multirate filter bank coding. Placing transform coding into this more general framework has the advantage that the basis functions can be viewed as the impulse responses of the bank filters, downsampled to their Nyquist rate. Therefore, all properties known Manuscript received April 26, 1994 , revised November 20, 1995 The associate editor coordinating the review of this manuscript and approving it for publication was Prof. Dan Schonfeld.
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